High-definition Fourier Transform Infrared (FT-IR) spectroscopic imaging is an emerging approach to obtain detailed images that have associated biochemical information. FT-IR imaging of tissue is based on the principle that different regions of the mid-infrared are absorbed by different chemical bonds (e.g., C=O, C-H, N-H) within cells or tissue that can then be related to the presence and composition of biomolecules (e.g., lipids, DNA, glycogen, protein, collagen). In an FT-IR image, every pixel within the image comprises an entire Infrared (IR) spectrum that can give information on the biochemical status of the cells that can then be exploited for cell-type or disease-type classification. In this paper, we show: how to obtain IR images from human tissues using an FT-IR system, how to modify existing instrumentation to allow for high-definition imaging capabilities, and how to visualize FT-IR images. We then present some applications of FT-IR for pathology using the liver and kidney as examples. FT-IR imaging holds exciting applications in providing a novel route to obtain biochemical information from cells and tissue in an entirely label-free non-perturbing route towards giving new insight into biomolecular changes as part of disease processes. Additionally, this biochemical information can potentially allow for objective and automated analysis of certain aspects of disease diagnosis.
Introduction
IR spectroscopy has been an analytical tool available in some form since the 1930s; however, it is only been within the last decade that the area of tissue imaging with FT-IR has exploded. The advances in FT-IR for tissue imaging have been driven in a large part by three key developments: 1) increased speed of data acquisition due to the availability of large Focal Plane Array (FPA) detectors which typically have thousands of IR sensitive detectors 1, 2 , 2) development of advanced processing algorithms and computational power to handle large hyperspectral data sets 3 , and 3) modeling of FT-IR imaging systems to maximize spatial resolution 4, 5 . There have been numerous high quality and very extensive articles reviewing the field of FT-IR spectroscopy recently [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , in addition to a Nature Protocols paper that details the steps to obtain point spectra or maps from tissues 17 . In this paper, we will focus on the protocol to obtain images of tissues using a 128 x 128 FPA detector in a modified FT-IR system with high-definition capabilities.
FT-IR imaging has long been suggested to be a potentially desirable tool for cell and tissue imaging due to the ability to obtain images in which every pixel has a wealth of biochemical information. FT-IR imaging is based on the principle that different biomolecules in a sample will quantitatively absorb different regions of the mid-infrared; this allows for the derivation of a 'biochemical fingerprint'. This fingerprint had been shown in many studies to alter between different cell types and disease states. Unlike in conventional pathology practice where stains and immunohistochemical markers need to be used to visualize and identify cell types and tissue structures that are used to guide diagnosis and treatment options, the images from FT-IR are formed based on the inherent biochemistry of the tissue. The current technique of staining tissue for diagnosis is time-consuming, destructive, laborious, and requires subjective expertise of the pathologist, whereas FT-IR offers the potential to make this process rapid, non-destructive, highly automated, and more objective. In addition, FT-IR provides a novel route to obtaining additional biochemical information that may not be readily accessible using conventional staining techniques. , with many very exciting studies showing its applications [19] [20] [21] [22] [23] [24] [25] . In addition, it was recently demonstrated that the increased spatial resolution associated with ATR imaging can allow for the visualization and classification of endothelial and myoepithelial cells in breast tissue which form a key component of breast cancer diagnosis 26 . While ATR imaging is very useful, this technique requires the SIL to make contact with the tissue to form FT-IR images; therefore, its use is somewhat limited for tissue pathology where large regions of tissues must be quickly imaged.
A second approach was demonstrated by coupling a high magnification objective to an existing FT-IR system that uses a synchrotron as a bright source of IR, it is possible to fully illuminate an FPA and image with an effective pixel size of 0.54 x 0.54 μm. This allowed for us to visualize key structures in breast and prostate tissues that were not resolvable using conventional FT-IR systems 4 . While these dramatic increases in IR image spatial resolution were exciting, its use remained limited due to requiring a synchrotron. Subsequently, an optimal system was designed that could also allow for high-definition imaging capabilities with a 1.1 x 1.1 μm pixel size without the requirement of a synchrotron source but rather using a traditional globar IR source 5 . In this article, we show how to modify an existing commercial FT-IR imaging system to allow for diffraction limited IR imaging of tissues with an acceptable signal to noise ratio using multiple IR objectives (15X, 36X, and 74X). The effective pixel size with the three objectives is 5.5 x 5.5 μm (15X), 2.2 x 2.2 μm (36X) and 1.1 x 1.1 μm (74X). We then give some examples of the importance of the gains in spatial resolution for disease detection in liver and kidney biopsies 27 . 23. Go to the 'Background' tab and type 128 in 'Scans to co-add'. Select the 'New File…' button and place the background file in appropriate folder. Check the 'Imaging' tab to ensure mosaicing is 1 by 1. Click 'Background', wait for the scan to finish and confirm where to save the file. Click a region on the background FT-IR image and check the spectrum. 24. To take a large mosaic image of the sample, select the 'Imaging' tab and insert the number of X and Y frames for the mosaic size you wish to acquire. 25. Click 'Setup' and in Lancer Control use the live IR view to find the area of interest. If taking a mosaic, center the live feed in the middle of the area of interest. Click 'Okay'. Go to the 'Electronics' tab and type the number of scans to co-add (typically a value between 2 and 16 scans for tissue). Click 'Scan'. 26. Check the collected FT-IR image on the screen to ensure it looks focused. Click on the image to bring up an IR spectrum from that location and check that it looks to have an acceptable signal to noise. Acquire a visible image of the sample. 27. Save the image and export it to the required format, such as ENVI-IDL.
Protocol

Adapting an FT-IR Microscope for High-definition Capabilities
NOTE: Most FT-IR systems are equipped with an objective approximately 15X magnification and 0.5 numerical aperture (NA). To image in highdefinition mode, an IR compatible 36X or 74X objective can be used to give diffraction limited imaging capabilities.
1. Remove the system's 15X objective by unscrewing counter clockwise. 2. Screw in either the 36X or 74X objective in its place. Align the objective prior to use. Use lens extension tubes to bring the objective close enough to the sample. 3. Place tissue under the new objective and focus using visible light using either the binoculars or Sample Capture program.
NOTE: High-definition imaging must be done in transmission mode. The very close working distance of these objectives (1-2 mm) and very shallow depth of focus requires focusing slowly and carefully, taking time to lower the objective without touching the sample. 4. Follow instructions from 1.6 to 1.11.
NOTE: Due to being significantly more difficult to focus and much less light reaching the detector, the following protocol is adjusted based on 1.14. 
Visualizing and Classifying IR Spectral Datasets
NOTE: In this section, we will discuss how to visualize and extract data from spectral images using geospatial image processing and analyzing software such as ENVI+IDL, however the process is very similar for any alternate software such as MATLAB, free software such as CytoSpec, or the instrument developer's own software. There are a few different spectral processing techniques that may be performed on the IR data.
1. Open geospatial image processing and analyzing software and load the IR data file. 2. Apply a baseline correction algorithm to the IR data by selecting "Spectral tools" and scroll down and click "Absorbance spectra". Observe a pop-up menu and select "Baseline correction" NOTE: Baseline correction will remove a baseline offset slope from the data due to scattering 3. Perform Spectral normalization, by ratioing the data to a certain spectral peak (typically Amide I (1,650 cm )) or area under a defined region of the spectra. Do this by selecting "Normal spectra" under the "Absorbance Spectra" menu options. NOTE: Spectral normalization is performed so that any differences in spectra are real biochemical differences and not due to thickness or density differences between samples. 4. Use a noise reduction algorithm to remove noise from the spectra if necessary 28 . NOTE: There are multiple approaches available by which baseline correction, spectral normalization and noise reduction can be achieved, with most software having automated algorithms built in. In addition, there are an emerging number of approaches that will correct for spectral aberrations, which have been discussed in detail [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] ; however, the community does not yet agree on which of these are needed. 5. Observe a list of all the IR frequencies collected within the image (typically of a spectral range from 900 to 4,000 cm -1 ). Click on the frequencies that correspond to specific biomolecules to observe an image of the tissue at the selected frequency. Create additional images by computing spectral peak height ratios, peak area ratios etc. that will allow for visualization of different biomolecular components. Click on 'Spectral Tools' and then select either 'Peak Height Ratios' or 'Calculate Image Area' to create images. 7. Scan the corresponding adjacent tissue section which is stained using a separate whole slide imager system that captures brightfield images.
Alongside the IR image, bring up the digital image of the stained tissue with a visible image program. 8. Right click on the image at a region of interest and select 'Z profile'. This will give the spectral information at the selected pixel. 9. Look at the IR spectra of multiple pixels from multiple classes, such as comparing cell types, disease states. Mark specific pixels on the image using the 'Regions Of Interest' (ROI) tool. To perform this, right click on the image and select 'ROI tool'. Create the classes that are to be labeled, for example normal, dysplasia, and cancer classes. Then select, 'ROI type' -'Point'. Then select the class to select pixels for and draw on the appropriate pixels on the IR image. Derive the average spectra for each of the classes using the 'Average ROI' tool. 10. Compare derived spectra by plotting in graphing software.
Representative Results
FT-IR imaging allows for the derivation of IR images of tissue that can give different contrasts depending on the IR frequency of interest. In addition, in an IR image, every pixel comprises of the entire IR spectrum, with different peaks corresponding to different biomolecules which can give information about the biochemical properties of cell types or disease states (Figure 1) . Here, we have shown how to compare spectral signatures between classes, however more advanced automated classification is possible using additional algorithms 3, [43] [44] [45] [46] [47] [48] [49] [50] , such as Bayesian classification, Random Forests, Artificial Neural Networks, and Hierarchal Cluster Analysis can be performed on the data. Supervised classification approaches will allow for the construction of a classifier that can be trained to allow for automated recognition of cell types or disease states. Unsupervised classification approaches can be used to look for naturally occurring differences in tissue or cells due to biochemical variance.
FT-IR instrumentation has evolved over the past few decades, from measuring in a single point/mapping mode using IR opaque apertures to imaging mode using Cassegrain objectives, using either an illuminating objective coupled with a collecting objective in transmission-mode or a single objective that both illuminates and collects in reflection-mode (Figure 2) . It was recently demonstrated that the collecting objective in transmission mode could be switched out for a higher magnification and numerical aperture objective to allow for diffraction limited IR imaging, that leads to substantial increases in the spatial resolution of collected IR images 4, 5 . The advances in spatial resolution for tissue imaging have been of critical importance as we can now identify cell types and tissue structures, for example the functional units of the kidney, the glomeruli, using adapted in-house FT-IR systems (Figure 3) .
High-definition FT-IR imaging allows for detailed images of tissues to be examined to identify abnormal regions and to identify biochemical differences between different cell types. In a liver tissue core, it is possible to visualize hepatocytes and regions of infiltrating fibrosis that divides two distinct areas of dysplasia and non-dysplastic cirrhosis (Figure 4) . We are working to exploit this towards making automated diagnostic tools for use in difficult cases of liver disease.
Importantly, the increased spatial resolution can now allow us to isolate specific structural features that may be chemically modified by disease before histological changes are apparent. For example, we are focused on identifying biochemical changes in kidney glomerular structures such as the Bowman's capsule, mesangium, glomerular basement membrane and tubular basement membrane, before changes identified by the pathologist can be observed ( Figure 5 ). In particular, we are interested in identifying changes associated with the progression of diabetic nephropathy and chronic rejection in transplant patients, where current techniques fail to identify changes in an early enough fashion for successful intervention.
There are a number of modifications that can be made to the imaging system including imaging in ATR mode 10, 24, 26 and using nanoscale thermal approaches 52, 53 to allow for high resolution IR imaging. The main limitation with high resolution IR imaging is that the tissues must be carefully prepared and thin enough for IR to pass through (typically 4 μm thickness). In addition, transmission and reflectance FT-IR imaging requires the samples to be dry due to the absorbance of IR by water. However, FT-IR imaging has significant advantages over other techniques, in that it can very rapidly image large areas of tissue while deriving rich and detailed biochemical information. Other similar techniques that derive biochemical information in a label-free fashion include Raman spectroscopy, however the time of data acquisition is much slower to acquire images. New Raman imaging approaches are emerging including Stimulated Raman scattering (SRS) and Coherent Antistokes Raman scattering (CARS); however, they have access limited spectral range or single frequency imaging.
The advances in speed of data acquisition, spatial resolution, and availability of computational approaches have been of tremendous value in making FT-IR imaging a more feasible approach for translation as a new imaging tool in pathology. The recent advances in spatial resolution have been particularly important for tissue pathology due to key cell types not being resolvable using conventional FT-IR imaging systems. The recent paper by Reddy et al. showed how to model an ideal system to obtain the optimal spatial resolution of an FT-IR imaging system 5 . The kidney tissue example presented in this paper demonstrates the importance of higher spatial resolutions in order to extract biochemical information from glomerular structures (Figure 3 and Figure 5 ). In the future, new advances in Quantum Cascade Lasers as very bright IR light sources [54] [55] [56] [57] , 3D spectral imaging 58 , and breakthroughs in the field of nanoscale IR technologies 52, 53, 59, 60 hold exciting new avenues of research that may have huge implications in the future of tissue imaging.
We have presented examples of applications in liver and kidney disease where there is a need for additional biochemical information that can be of diagnostic value. The Spectral Pathology Lab in the Department of Pathology at the University of Illinois at Chicago is focused on the translation of IR imaging technologies towards improving disease diagnosis and improved prediction of patient outcome. FT-IR imaging may overcome some of the current limitations in pathology practice where quantitative and objective information is required. In particular, future work is focused on identifying areas in current pathology practice where current techniques fail to provide adequate diagnostic sensitivity or provide limited information. A clear need exists in improving the current practice of pathology and towards giving more information to the pathologist about a patient's disease status, which may be achievable using high-definition FT-IR imaging.
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